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Abstract

Prior to a systematic revision of southern African rock rats of the genus Aethomys Thomas, statistical

procedures were used to select morphometric characters for recording and subsequent use in a revision

of the group. The procedure advocated could have wider application in morphometric studies. An
initial set of 66 cranial characters was reduced to 51 after the data set was subjected to routine

assumptions tests. The remaining 51 characters, considered to be statistically problem-free, were

reduced to a final set of 1 1 characters after subjecting them to cluster and ordination procedures to

summarize patterns of correlations between characters, develop criteria for the selection of represen-

tative measurements within cluster analysis-generated subclusters, and the subsequent removal of

redundant variables. The procedure attempts to economize while at the same time adequately represent

the phenotype, an approach consistent with the concept of morphological integration. Four additional

cranial and four standard external characters are also included in the final data set, but for descriptive

and comparative purposes only.

Introduction

African rock rats of the genus Aethomys are endemic to east, west, central, and
southern Africa where the genus is represented by ten species (Wilson and Reeder,

1993). Five species, A. namaquensis, A. silindensis, A. grand, A. nyikae, and A.

chrysophilus are currently recognized in southern Africa (Meester et al, 1986;

Skinner and Smithers, 1990), but the latter species has been shown to include

two forms based on chromosome (Gordon and Rautenbach, 1980; Gordon and
Watson, 1986; Visser and Robinson, 1986; Baker et al, 1988), electrophoresis

(Gordon and Watson, 1986), and sperm morphology (Gordon and Watson, 1986;

Visser and Robinson, 1987; Breed et al., 1988). Schlitter (1978) considered the

genus in critical need of revision.

The present paper forms part of a revision of southern African species of

Aethomys , and in particular examines the selection of quantitative taxonomic
characters, a critical but often neglected step in many systematic studies (Strauss

and Bookstein, 1982; Rohlf, 1990). In small mammals, no established procedure

is available for selecting appropriate character sets. Approaches used to date

generally fall into four categories: 1) selection of character sets that have been
used in the past, often with the ad hoc addition or deletion of characters after

elementary correlation analysis (Power, 1971; Chapman et al., 1992); 2) selection

of as many measurements as practicable (Watson and Dippenaar, 1987; Chimimba
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and Kitchener, 1991), reflecting the influence of numerical taxonomy as advocated

in Sneath and Sokal (1973); 3) selection based on an assessment of functional

units of the cranium (Taylor, 1990; Taylor and Meester, 1993); and 4) selection

of landmarks as advocated in the most recent developments in morphometries
(Strauss and Bookstein, 1982; Bookstein et ak, 1985; Zelditch et al., 1989; Rohlf
and Bookstein, 1990; Rohlf and Marcus, 1993).

Although characters selected on the basis of the first two categories can perform

well, it is important to assess character redundancy in morphometric studies

(Blackith and Reyment, 1971; Sneath and Sokal, 1973; Thorpe, 1976; James and
McCulloch, 1990; Rohlf, 1990). Nevertheless, apart from a few studies (Thomas,

1968; Best, 1978; Taylor, 1990; Taylor and Meester, 1993), it has been rarely

considered in practice. The utilization of unevaluated characters could have a

profound effect on analyses (Pimentel and Smith, 19866), ranging from distortion

of inter-Operational Taxonomic Unit (OTU: Sneath and Sokal, 1973) relation-

ships (Blackith and Reyment, 1971) to an increase in analysis time that often

results in analytical problems while processing large data matrices (Chimimba
and Kitchener, 1991). Somestudies have shown that after the assessment of linear

dependence (redundancy) and colinearity, sets of many quantitative characters

can be reduced to a few and still contain equivalent information (Mahalanobis

et ak, 1949; Albrecht and Blackith, 1957).

Various approaches that have been used to screen for reliable characters include

either analysis of variance (ANOVA) or correlations between characters (Pimentel

and Smith, 19866). The former procedure is restricted to multigroup studies in

which character redundancy is sometimes ignored (Pimentel and Smith, 19866).

The latter approach summarizes correlations between characters by principal

component (PCA), factor (Thomas, 1968; Johnston, 1973; Gould et ak, 1974)

and cluster analyses (Power, 1971; Taylor, 1990; Taylor and Meester, 1993) with

the selection of characters from within highly correlated subsets of characters.

Another strategy has been to employ Mahalanobis’ (1936) D2 statistic (Thorpe,

1976), a similarity coefficient that takes into account the degree of information

redundancy in each character as summarized by the within-group covariance.

However, owing to the instability of correlation coefficients for sample sizes small-

er than 20, Van Valen (1974) considered this an oversimplification (Thorpe, 1976).

The approach used in the present study stems from current theory of evolu-

tionary change that emphasizes the unity of the genotype (Mayr, 1963, 1976;

Lewontin, 1974; Wright, 1978, 1980) in which organisms are the integrated func-

tional units that evolve (Waddington, 1957; Riedl, 1978; Gould and Lewontin,

1979; Selzer, 1993; Borgia, 1994). Embryological studies have, for instance, dem-
onstrated that the cranium represents a functional character suite that interacts

and has a commonontogenetic origin (Noden, 1978, 1983; Gans and Northcutt,

1983; Zelditch et ak, 1993). Olson and Miller (1958) hypothesized, and subse-

quently demonstrated, that the degree of cranial integration can be measured by
the intensity of statistical associations in the phenotype. Therefore, developmen-
tal^ and functionally related traits ought to be relatively highly correlated in the

phenotype. On both empirical and theoretical grounds these authors placed de-

velopmentally and functionally interdependent morphological characters into

‘'Functional sets” (“F-sets”). Empirically derived sets of characters that were
relatively highly correlated were placed into “Phenotypic sets” (“P-sets”). Other
studies support the a priori-defined morphologically integrated functional units
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of Olson and Miller (1958) (Moss and Young, 1960; Cheverad, 1982; Cheverad

et al, 1989; Cane, 1993). Taylor (1990) and Taylor and Meester (1993) extended

the morphological integration concept into a character selection protocol

The present study is aimed at selecting meaningful morphometric characters

for use in a revision of southern African Aethomys . Accordingly, the procedure

of Taylor (1990) and Taylor and Meester (1993), which summarized character

correlations in the yellow mongoose ( Cynictis penicillata ,
Viverridae) by cluster

analysis, is expanded upon to meet three important requirements: 1) “compre-

hensiveness” (i.e., the consideration of adequate coverage of the phenotype), 2)

“economy” (by the removal of redundant characters), and 3) “pattern summary”
(of relationships between characters consistent with the morphological integration

concept of Olson and Miller, 1958). Southern African Aethomys is here used as

a case study for this character selection protocol that could find wider application

in morphometric studies of other taxa.

Recent developments in landmark-based methods (Mousseau, 1991; Rohlf and

Marcus, 1993), especially their extension to three-dimensional space, suggest a

modification of the morphological integration concept, involving a more rigorous

morphometric assessment of functional units (Van der Klaauw, 1948-1952) based

on landmarks (rather than measuring points) and a closer integration with more
recent advances in ontogenetic cranial development (Thorogood and Tickle, 1988).

Material and Methods

The present study is based mainly on a single homogeneous sample, representing

an island population of Aethomys namaquensis (2 1 males, 1 3 females) from Kei-

moes Island, Orange River, Cape Province, but additional samples of A. grand
(seven males, seven females) from Sutherland, Cape Province, and A. chrysophilus

(six males, ten females) from Maasstroom, Transvaal, were used to develop criteria

for the selection of the final set of measurements. The material examined is listed

in Appendix I.

Individuals were assigned to seven toothwear classes (with reference to Morris,

1972; Perrin, 1982; Dippenaar and Rautenbach, 1986), but to reduce the effect

of age variation, only adult, toothwear class VI (Chimimba and Dippenaar, 1994)

individuals with complete data sets were considered.

An initial set of 66 linear cranial (40 skull, nine mandible, and 17 dental)

measurements (Fig. la-k) were recorded by one observer (CTC) to the nearest

0.05 mmusing a pair of Fowler digital calipers, a Fowler Interface and EASYCAL
program developed by S. Reig for direct data input to rBase (Ashton-l ate Soft-

ware, Inc., USA). While the character set reflects an attempt to distribute mea-
surements across functional units of the skull, this was not always possible because

of constraints imposed by the use of calipers and the taxonomic need to include

traditional characters which were not selected on the basis of the morphological

integration concept. Owing to the unreliability of external characters, only cranial

characters were considered.

Univariate and multivariate data screening (Pimentel and Smith, 1 986a, 1 9866
;

Reig, 1989) revealed two male specimens with outlier values not consistent with

toothwear class VI. One was exceptionally large (USNM451966) in most mea-
surements and the other (USNM452055) had an abnormally small greatest cross-

sectional crown width of M3 (66-WMT). To avoid the introduction of bias in the
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Fig. 1.—Reference points of cranial measurements. Asterisks indicate measurements used in original

descriptions.

a. l-GLS— Greatest length of skull, from anterior edge of nasals to posterior edge of occipital

condyle, along longitudinal axis of skull; 2-GLN—Greatest length of nasals, from longest posterior

projection of nasal wings to anteriormost edge of nasal bones; *3 -FRO—Greatest length of frontals;

*4-PAR—Greatest length of parietals; 5-INT— Interparietal length, from intersection of sagittal suture

and posterior end of parietal, perpendicular to posterior end of interparietal; 6 -NPP—Distance from
anterior edge of nasals to anterior edge of posterior part of zygomatic arch; 7 -NPO—Distance from
anterior edge of nasals to posterior edge of postorbital bar; 8 -ZAL—Zygomatic arch length, from
posteriormost part of anterior part of zygomatic arch to anteriormost part of posterior part of zygomatic

arch; *9 -BBC—Breadth of braincase— width at dorsal root of squamosals; * 1 0-ZYW—Greatest zy-

gomatic width, between outer margins of zygomatic arches, perpendicular to longitudinal axis of skull;

*1 1-IOB— Least breadth of interorbital constriction— least distance dorsally between orbits; *12-NAS—
Nasal width, at anteriormost point where nasals join premaxillae.

b. 13-CBL—Condylobasal length of skull, from posteriormost projection of occipital condyles to

anterior edge of premaxillae; * 1 4-PIC— Incisor to condyle length, from posterior surface of I
1 at alveolus

to posteriormost projection of occipital condyle; *15-BSL— Basal length of skull, from anteriormost

point of lower border of foramen magnumto anterior edge of premaxilla; * 1 6-PPL—Postpalatal length,

from anteriormost edge of hard palate to anteriormost point on lower border of foramen magnum;
17-PAL—Palatilar length, from posterior edge of I

1 alveolus to posterior edge of hard palate; 18-

TRL—Toothrow length, from anterior alveolus to posterior surface of M3 alveolus; * 1 9-LPF—Greatest

length of longest palatal foramen; *20-M AW—Greatest maxillary width between labial crown edges

of M1

;
*21-PWM—Hard palate width at M1 measured on lingual side of teeth at alveolus; 22-PAC—

Hard palate width at point of constriction immediately posterior to M3
;

23 VCW—Vidian canal width

at foramen lateral to pterygoid processes; 24-FJW—Least distance between foramina jugulare on
posterior edge of bullae; *25-BUL— Greatest bulla length at 45° angle to skull axis; *26-BUW—Greatest

bulla width at 45° angle to skull axis.

c. *2 7 -ITC— Incisor to condyle length, from anterior surface of I
1 at alveolus to posteriormost

projection of the occipital condyle; *28-LOD—Length of diastema, from posterior base of I
1 alveolus

to anterior base of M1 alveolus; 29-HOR—Height of rostrum, perpendicularly from a point directly

behind incisors; 30-IOE— Distance from anterior base of zygomatic plate to anterior edge of ear

opening; 3 1-IZD— Infraorbital-zygomatic plate distance, from dorsal edge of infraorbital foramen to

anterior base of zygomatic plate; 32-MPO—Foramen magnum-postorbital bar length, from lateral

edge of foramen magnum (at notch in lateral view) to anterior edge of postorbital bar; 33-MPZ—
Foramen magnum-zygomatic arch length, from lateral edge of foramen magnum (at notch in lateral

view) to anterior edge of posterior part of zygomatic arch; 34-FME—Foramen magnum-external
auditory meatus length, from lateral edge of foramen magnum(at notch in lateral view) to posterodorsal

edge of external auditory meatus.

d. *35 -GHS—Greatest height of skull perpendicular to horizontal plane through bullae; 36-BCH—
Braincase height, from dorsal surface of sagittal crest to midventral surface of basioccipital between
anterior bullae; 3 7-FMH—Foramen magnumheight— widest part of foramen in vertical plane; 38-

FMW Foramen magnumwidth— widest part of foramen magnumin a horizontal plane; 39-CNW—
Greatest occipital condyle width perpendicular to skull axis; 40- WAB—Width at bullae on ear openings

perpendicular to skull axis.

e. 41 -FIB—

I

1 breadth —breadth of principal upper incisor at level of median edge of alveolus.

f. 42-UTR—Crown length of maxillary toothrow, from anterior edge of M1 at alveolus to posterior

edge of M3 at alveolus; 43-LFM—Length of M1 along cingulum; 44-LSM—Length of M2 along cin-

gulum; 45-LTM—Length of M3 along cingulum.

g. 46- WFM—Greatest cross-sectional crown width of M1

;
47- WSM—Greatest cross-sectional crown

width of M2
;

48- WTM—Greatest cross-sectional crown width of M3
.

h. *49-GML—Greatest mandible length, in a straight line, from anterior edge of I, alveolus to

posterior surface of angular process; *50-MDL—Greatest length of mandible (excluding teeth), from
posterior surface of condylar process to anteroventral edge of incisor alveolus; 5 1-AFA—Angular

process-mandibular condyle length, in straight line from ventral edge of angular process to middorsal
ridge of mandibular condyle; 5 2-MRH—Mandible-ramus height, from dorsal edge ofcoronoid process

to ventral edge of angular process; 5 3-MCA—Mandibular condyle-angular process distance, in straight

line from dorsal edge of mandibular condyle to ventral edge of angular process.

i. 54-LMH—Least mandible height, perpendicularly from between posterior M, alveolus and an-

terior M2 alveolus; 5 5 -MFA—Mandibular foramen-angular process length, from anterior edge of
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sample, the two specimens were considered as not representative of the population,

and excluded from subsequent analyses.

Homoscedasticity was tested for by Hartley’s (1950) Fmax-lest (Sokal and Rohlf,

1981) and a one-way analysis of variance (ANOVA) was used to assess sexual

dimorphism. Skewness fe), kurtosis (g 2 ), and normality (Chi-square test) also

were tested for (Zar, 1974; Sokal and Rohlf, 1981; Pimentel and Smith, 1 986a,

19866).

Following Cheverud (1982), character associations were investigated by cluster

analysis of principal component (PCA) scores generated from standardized, sta-

tistically problem-free characters. Results of three Q-mode principal components
analyses (sexes pooled and separate) of correlations among all OTUswere similar

so that only the pooled sample is considered below. The first 14 components
(explaining 99.98% of the sample variance) were retained and Euclidean distances

between each pair of characters subjected to Ward’s (1963) hierarchical clustering

algorithm to generate phenotypic sets (P-sets). This algorithm produces homo-
geneous clusters by minimizing the squared positional variation of elements in a

cluster independently at each step (Cheverud, 1982).

Selection of characters from within the cluster analysis-generated subclusters

depended on six ancillary criteria in the following order of priority: (1) relative

weightings of characters in R-mode principal component (Thorpe, 1980; Gould,

1984; James and McCulloch, 1990) and correspondence analyses (Benzecri, 1977;

Greenacre, 1984, 1986, 1990) of three known species, A. chrysophilus, A. granti ,

and A. namaquensis\ (2) consideration of coefficients of variation (CV) incorpo-

rating Haldane’s (1 955) correction (Sokal and Rohlf, 1981); (3) measurement error

(ME) (Ostle and Mensing, 1975; Pankakoski et al., 1987; Bailey and Byrnes, 1990;

Lougheed et al., 1991) expressed as percentage of total variability due to within-

individual variation (percent measurement error [% ME]), based on three inde-

pendent sets of repeated measurements recorded by CTCon separate occasions

for A. namaquensis
; (4) relative ease of measurement; (5) measuring points as-

sociated with frequently damaged areas of the skull (with reference to analyses

that require complete data sets; Kim, 1975; Klecka, 1975); (6) previous use,

particularly in original descriptions.

All analyses were undertaken with BIOSTAT I and II (Pimentel and Smith,

1986a, 19866), UNIVAR (Power, 1970), STATGRAPHICS(STSC Inc., USA)
and SimCA (Greenacre, 1990).

Morphological cranial terminology follows Thomas (1905), Hill (1935), Hall

( 1 946), Rosevear ( 1 969), Hebei and Stromberg (1976), DeBlase and Martin (1981),

and DeGraaff (1981).

mandibular foramen to posterior edge of angular process; 5 6 -MAF—Mandibular foramen-articular

facet length, from ventral edge of mandibular foramen to midposterodorsal edge of articulating facet;

*57 -CMH—Coronoid mandible height, from dorsal edge of coronoid process to ventral edge of man-
dible in line with mandibular foramen.

j. 5 8 -MTL—Mandibular toothrow, from anterior edge of I, alveolus to posterior edge of M3 alveolus;

59-IML— Posterior incisor-M 3 length, in a straight line from posterior edge of I, alveolus to posterior

edge of M3 alveolus; 60-MTR—Mandibular toothrow length, from anterior edge of M, alveolus to

posterior edge of M3 alveolus; 6 1-LLM—Length of M,, along cingulum; 62-LMS—Length of M2 ,

along cingulum; 63-LMT—Length of M3 ,
along cingulum.

k. 64-WLM- Greatest cross-sectional crown width of M,
;
65-WMS—Greatest cross-sectional crown

width of M2 ;
66- WMT—Greatest cross-sectional crown width of M3 .
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Results

Univariate Screening of Measurements

Hartley’s (1950) Pmax- test for homogeneity of variances between males and
females of A. namaquensis indicated significant (

P

< 0.05) heteroscedasticity in

four measurements, 19-LPF, 20-MAW, 38-FMW, and 50-MDL (see Figs, la-k

for measurements; univariate statistics are available on request either from the

first author or the Transvaal Museum Library).

Descriptive statistics and results of a one-way analysis of variance indicated a

generally low level of sexual dimorphism in A. namaquensis, with significant

differences in only six of the 66 characters: 4-PAR (P < 0.05), 21-PWM (P <
0.05), 31-IZD (P < 0.01), 51-AFA (P < 0.01), 53-MCA (P < 0.01), and 57-CMH
CP < 0.01). This finding justified the pooling of sexes in subsequent analyses.

Results of tests for skewness and kurtosis based on the pooled male and female

sample of A. namaquensis showed three of the 66 characters to be both skewed
and kurtotic: 34-FME (both P < 0.01), 38-FMW (P < 0.05 and P < 0.001,

respectively), and 50-MDL (both P < 0.05). One character, 65-WMS, was skewed
only (P < 0.05). Three characters were kurtotic only: 49-GML (P < 0.01), 55-

MFA(P < 0.05), and 62-LMS (P < 0.001).

Chi-square tests for normality in the pooled male and female sample of A.

namaquensis showed that 26 of the 66 characters were non-normally distributed:

2-GLN (. P < 0.01), 4-PAR (P < 0.05), 7-NPO (P < 0.05), 9-BBC (P < 0.05),

1 1-IOB (P < 0.05), 12-NAS (P < 0.01), 16-PPL (P < 0.05), 17-PAL (P < 0.01),

23-VCW (P < 0.001), 26-BUW (P < 0.05), 28-LOD (P < 0.01), 29-HOR (P <
0.001), 31-IZD (P < 0.05), 34-FME (P < 0.05), 38-FMW (P < 0.001), 40-WAB
(P < 0.05), 41-FIB (P < 0.001), 47-WSM(P < 0.05), 49-GML (P < 0.001), 51-

AFA (P < 0.05), 55-MFA (P < 0.05), 56-MAF (P < 0.05), 57-CMH (P < 0.05),

61-LLM (P < 0.01), 62-LMS (P < 0.001), 66-WMT (P < 0.01). These results

may reflect the instability of this class of tests when sample sizes are small, but

draw attention to potentially problematic characters.

After the assumptions tests, the following highly conservative criteria were used

to either reject or retain a character: (1) a character was rejected if it differed

significantly at the 5% level in more than one test; (2) a character was rejected if

it was significant in one or more tests at the 1% level of significance; and (3) a

character was retained if test statistics for sexual dimorphism, homoscedasticity,

and normality did not differ significantly, or were significant in one of the three

tests but only at the 5% level of significance. As a consequence, 15 potentially

problematic characters were rejected (2-GLN, * 12-NAS, * 17-PAL, 23-VCW, *28-

LOD, 29-HOR, 34-FME, 38-FMW, 41 -FIB, *49-GML, *50-MDL, 55-MFA, 61-

LLM, 62-LMS, 66-WMT, which included the five traditional characters indicated

by asterisks). Although sample sizes were small for this class of tests, reconsid-

eration of the 1 5 characters indicated that most were problematic with respect to

one or more of the following: (1) unclearly defined recording points, which made
the placement of caliper tips difficult and therefore subject to error; (2) high

variability between individuals; and (3) association with frequently damaged parts

of the skull.

Analysis of Character Associations

In the phenogram derived from Ward’s (1963) cluster analysis of the 51 re-

maining characters, three relatively discrete character groupings are apparent (Fig.
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Fig. 2.—Phenogram depicting relationships between cranial measurements in Aethomys namaquensis.
Clusters formed at the three-, four- and eight-cluster stages are indicated by enclosed letters and
numbers. Characters are defined in Fig. la-k. The cophenetic correlation coefficient is 0.81.

2). The three major clusters, designated I, II, and III, are summarized in Table

1. Although some characters are apparently not related to the majority of char-

acters within a given subset (indicated by question marks in Table 1), subclusters

at both the four- and eight-cluster stages in general form logical subsets. Major
cluster I relates mainly to what may be termed a “Mixed” Neurocranial/orofacial

functional set (F-set). Characters in this major cluster reflect size-related mea-
surements that span the major functional units of the skull, if not the entire length

of the skull. This cluster of characters is further subdivided into a subcluster
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comprising “Longitudinal distances” (1) and the other comprising “Oblique dis-

tances” (2).

Major cluster II relates mainly to the Neurocranial functional set. Although

there are no clear demarcations at the eight-cluster stage in terms of three partially

independent submatrices (frontal, parietal, and occipital; Cheverud, 1982) of the

Neurocranial functional set, characters in subcluster 3 include measurements of

the dorsal side of the cranium and various measurements related to the config-

uration of the braincase itself, the exception being 8-ZAL which belongs to the

orbital submatrix of the Orofacial functional set. Subcluster 4 also includes two
measurements related to the configuration of the braincase, as well as upper
toothrow length (18-TRL), which belongs to the dental phenotypic set in the

Orofacial functional set, and distance from anterior base of zygomatic plate to

anterior edge of ear opening (30-IOE) of “Mixed” Orofacial/neurocranial origin.

Major cluster III relates mainly to the Orofacial functional set. Most characters

(23 of 33) collectively fit into orbital/oral/masticatory phenotypic set in the Oro-
facial functional set. In cluster C, subcluster 5 includes measurements of the lateral

region of the rostrum, the orbital and postpalatal regions and the toothrows, and
one mandibular measurement, while almost all mandibular measurements appear

in subclusters 6 and 7. Of interest is that almost all measurements related to the

bullae and the foramen magnumalso appear in cluster C.

Most prominent at the eight-cluster stage is subcluster 8, which, with the ex-

ception of hard palate width at M1 (21-PWM), are masticatory characters joining

up at relatively low distances, suggestive of a tightly integrated dental submatrix.

Selection of Measurements

One of the criteria developed to select measurements from within subclusters

relied on ordinations, both principal component (Fig. 3) and correspondence (Fig.

4) analyses, of known taxa (A. namaquensis, A. chrysophilus, and A. grand). The
first two axes from the principal component analysis show A. grand to separate

from both A. chrysophilus and A. namaquensis along the second axis, whereas the

latter two species are separated from each other along the first axis; there was
little or no differentiation between the three taxa along components 3 to 14.

Principal component I generally has high and negative loadings on all measure-
ments (Table 1), with generally high percent variances associated with each char-

acter’s component contribution (in parentheses in Table 1). This suggests that the

separation between A. chrysophilus and A. namaquensis is primarily size-related.

The second axis, which is instrumental in separating A. grand from both A.

chrysophilus and A. namaquensis, has character loadings and percent variances

of different magnitudes (the former with different signs), suggesting shape-related

variation. The important characters with relatively high loadings (regardless of
sign) on the second axis are: 3 -FRO, 4-PAR, 5-INT, 6-NPP, 26-BUW, 31-IZD,
37-FMH, 47-WSM, 53-MCA, 56-MAF, 58-MTL, 59-IML, and 65-WMS.

Two-dimensional symmetric profiles from correspondence analysis (Fig. 4),

with individuals from the same taxon enclosed in minimum convex polygons,

show clear separation among the three species along both principal axes I (Inertia

= 25.27% and X, = 0.0004) and II (20.59%; X2 - 0.0003). A plot of individual

characters, which allows examination of the level of association between rows (in

this case, individuals) and columns (characters), is superimposed on the same
figure. The scattergram shows that separation of the three taxa can be explained

in terms of the corresponding opposition of the following characters in the planes
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Table 1.—Principal component (PCA) (including percent variance contributions, in parentheses) and
principal coordinate (CA) (in permills) loadings for the first two axes, coefficients of variation (CV), and
percent measurement error (% ME) for each character. Letters and numbers to the left indicate clusters

formed at the three-, four- and eight-cluster stages of the cluster analysis. Characters followed by a

question mark do not belong in the particular functional (F-set) or phenotypic (P-set) set. Characters

in parentheses were important in principal components and correspondence analyses. Underlined char-

acters were selected for descriptive and comparative purposes. Characters preceded by an asterisk were

selected for use in subsequent morphometric analyses. Characters are defined in Fig. la-k.

PCA PCA CA CA
Character/F-set I II I II CV %ME

I. “MIXED” NEUROCRANIAL/OROFACIALF-SET

A. (Interfrontal, -parietal, and -occipital)

1 . “Incisor-condyle distances”

*1-GLS -0.957 (91.65) 0.130 (1.69) 11 -3 1.93 0.013

13-CBL -0.959 (91.93) 0.130 (1.68) 10 -1 2.02 0.014

27-ITC -0.973 (94.71) 0.049 (0.24) 4 -3 1.05 0.015

14-PIC -0.974 (94.84) -0.074 (0.55) -2 -8 2.02 0.008

15-BSL -0.968 (93.63) -0.026 (0.07) -3 1 2.53 0.014

2. “Oblique distances”

*(6-NPP) -0.856 (73.23) 0.294 (8.66) 26 -13 2.18 0.014

32-MPO -0.857 (97.50) 0.026 (0.07) -1 5 1.91 0.014

II. NEUROCRANIALF-SET

B. (Braincase and dorsal part of skull)

3. *(3-FRO) -0.668 (44.60) 0.594 (35.23) 63 50 4.44 0.006

33-MPZ -0.973 (94.60) -0.050 (0.25) -18 22 2.49 0.013

16-PPL -0.947 (89.61) 0.061 (0.37) -3 22 3.08 0.012

35-GHS -0.892 (79.59) 0.239 (5.71) 14 1 2.71 0.010

7-NPO -0.888 (78.89) 0.154 (2.38) 16 -4 3.32 0.015

8-ZAL ? -0.941 (88.47) 0.085 (0.73) 9 -9 2.14 0.012

40-WAB -0.941 (88.64) 0.033 (0.11) 2 1 2.55 0.014

4. 9-BBC -0.952 (90.60) -0.010(0.01) -3 -1 2.91 0.008

10-ZYW -0.977 (95.43) -0.070 (0.49) -12 8 2.34 0.015

18-TRL ? -0.971 (94.25) -0.134(1.81) -9 -6 2.11 0.014

30-IOE ? -0.959 (91.91) 0.177 (3.13) 7 22 1.82 0.014

III. OROFACIALF-SET

C. (Oral and orbital cavities, exoccipital bullae)

5. (4-PAR ?) -0.797 (63.53) -0.301 (9.06) -40 -1 7.34 0.008

42-UTR -0.905 (81.89) -0.040 (0.16) -15 3 3.71 0.013

60-MTR -0.827 (68.39) 0.061 (0.37) 3 -10 2.43 0.006

(31-IZD) -0.615 (37.85) 0.500 (24.97) 49 19 6.65 0.014

(5-INT ?) -0.345 (11.92) -0.714(51.00) -62 -64 9.55 0.007

11-IOB -0.898 (80.70) -0.142 (2.02) -12 0 2.81 0.013

54-LMH -0.904 (81.74) 0.106(1.12) -2 19 5.44 0.009

22-PAC -0.720 (51.90) 0.105 (1.11) 10 -15 5.55 0.015

(26-BUW?) -0.865 (74.76) -0.250 (6.25) -35 8 3.73 0.001

*(37-FMH ?) -0.436 (19.03) 0.437 (19.07) 36 -30 4.90 0.012

(56-MAF) -0.421 (17.73) -0.662 (43.77) -48 -55 5.60 0.013

6. 20-MAW -0.943 (88.21) -0.047 (0.22) -1 -12 2.98 0.013

*(5 1 -AFA) -0.934 (87.22) -0.147 (2.17) -63 75 5.52 0.010

25-BUL ? -0.855 (73.17) 0.003 (0.01) -7 9 4.64 0.012

24-FJW ? -0.718(51.58) -0.050 (0.25) 4 -23 5.45 0.008

52-MRH -0.781 (60.93) 0.113 (1.28) 5 14 5.87 0.011

(53-MCA) -0.850 (72.32) -0.254 (6.43) -21 -5 4.36 0.006

36-BCH ? -0.900 (80.91) 0.035 (0.12) 3 -8 2.93 0.013

(58-MTL) -0.866 (75.06) -0.374 (14.00) -35 -7 3.89 0.008

7. 19-LPF ? -0.722 (52.10) 0.152 (2.31) 18 -13 5.00 0.013
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Table 1.— Continued

.

Character/F-set

PCA
I

PCA
II

CA
I

CA
II cv %ME

39-CNW? -0.886 (78.43) -0.190 (3.60) 36 -14 3.82 0.013

*(59-IML) -0.905 (81.93) -0.314(9.86) -21 -12 3.01 0.011

57-CMH -0.887 (78.74) -0.133 (1.78) -12 -1 3.56 0.006

D. (Dental)

8. 21-PWM? -0.787 (61.91) -0.099 (0.98) -16 24 7.98 0.013

*(43-LFM) -0.896 (75.48) -0.126 (1.58) -37 19 6.12 0.013

(44-LSM) -0.736 (54.13) -0.048 (0.23) -62 94 12.99 0.005

(45-LTM) -0.665 (44.27) -0.202 (4.08) -22 -15 7.10 0.007

63-LMT -0.644 (41.45) -0.129 (1.67) -12 -3 6.98 0.005

48-WTM -0.670 (44.87) -0.044 (0.19) -7 -9 6.52 0.013

(46-WFM) -0.478 (22.90) 0.184 (3.38) 18 -42 5.19 0.014

*(47-WSM) -0.475 (22.59) 0.339 (11.48) 24 -31 5.78 0.011

64-WLM -0.704 (49.51) 0.208 (4.34) 12 -22 5.39 0.010

*(65-WMS) -0.501 (25.11) 0.580 (33.68) 39 -16 4.62 0.012

%Trace: 68.4% (PC Axis I); 6.4% (PC Axis II).

Inertia: 25.3% (X, = 0.0004) (CA Axis I); 20.6% (X 2 = 0.0003) (CA Axis II).

of separation: 3-FRO, 4-PAR, 5-INT, 6-NPP, 26-BUW, 31-XZD, 37-FMH, 43-

LFM, 44-LSM, 45-LTM, 46-WFM, 47-WSM, 51-AFA, 53-MCA, 56-MAF, 58-

MTL, 59-XML, and 65-WMS. Characters important in the separation of the three

taxa are shown by their relatively high magnitudes in the first and second principal

coordinates (Table 1), which for ease of interpretation are presented in permills

(thousandths).

The results of the principal component and correspondence analyses correspond

closely in that the 1 3 shape-related characters generated by the second principal

component were also generated by the two principal coordinates in correspondence

analysis, in which the following characters also featured prominently: 43-LFM,
44-LSM, 45-LTM, 46-WFM, and 51-AFA.

Table 1, in which characters are arranged according to cluster analysis-derived

phenotypic sets, summarizes the data used in character selection, including coef-

ficients of variation, percent measurement error values, character loadings on the

first and second axes of principal component, and correspondence analyses. Other
criteria invoked were relative ease of measurement, potential for non-missing
values, previous use, and cranial configuration. Based on the premise that most
subclusters represent distinct submatrices of either the Neurocranial or the Oro-
facial functional unit, one or more characters were selected as representative of

the configuration of a particular unit. More than one character was often selected,

particularly if the characters were consistently shown to be relevant by both the

principal component and correspondence analyses, and these included obviously

misplaced characters.

The following is the rationale behind the selection of characters within a sub-

cluster (with subcluster numbering corresponding to the eight-cluster stage in Fig.

2 and Table 1):

Subcluster 7. —Thenotion that shape is more heritable than size (Humphries
et al., 1981) has been criticized by Leamy and Thorpe (1984). Size is certainly

important in infraspecific studies. For example, in a principal component analysis

of different populations of C. penicillata, Taylor (1990) and Taylor and Meester

(1993) found that virtually all the significant variation was in the first size-related
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Fig. 3.— First two components from principal components analysis of individuals of Aethomys chry-

sophilus, open triangle; A. granti, open circle; and A. namaquensis, open square. Polygons include

individuals from the same taxon.

axis. Consequently one character from subcluster 1 ,
comprising size-related char-

acters, was selected for inclusion in the basic data suite. High loadings on the first

principal component axis (>0.90) indicate that all characters in this major cluster

qualify as good predictors of general size. In addition, all the characters have low
coefficients of variation and percent measurement error values. However, the

greatest length of the skull (1-GLS) was selected because of its relatively high

loading on the first principal coordinate in correspondence analysis, relative ease

of measurement, and the fact that it features prominently in rodent systematics.

This character, in combination with cranial width and depth measurements (see

below), also captures descriptive information relating to gross cranial configura-

tion.

Subcluster 2. —Distance from anterior edge of nasals to anterior edge of posterior

part of zygomatic arch (6-NPP) was selected because it featured prominently in

the first principal coordinate in correspondence analysis. It has relatively low
coefficient of variation and percent measurement error values and being an

“oblique” measurement, may capture different configurations of the skull.
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l

Fig. 4.™Optimal two-dimensional symmetrical map of characters and individuals generated by cor-

respondence analysis of Aethomys chrysophilus, open triangle; A. granti, open circle; and A. nama-
quensis, open square. Polygons include individuals from the same taxon. Characters are defined in

Fig. la-k.

Subcluster 5.—Of the seven characters in this subcluster, greatest length of
frontals (3 -FRO) is the only character selected. In addition to having low coefficient

of variation and percent measurement error values, it was consistently singled

out by both axes in correspondence analysis as well as the second component of
principal component analysis. It also features prominently in original descriptions.

Subcluster 4.—None of the four characters in this subcluster was shown to be
of particular relevance, but see discussion on the selection of descriptive characters

below.
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Subcluster 5.—The following three characters in this subcluster were selected:

greatest bulla width (26-BLJW), foramen magnum height (37-FMH), and man-
dibular foramen-articular facet length (56-MAF), all of which were shown to be
of importance, either singly or in combination, by both principal coordinates in

correspondence analysis and principal component II in principal component anal-

ysis. These characters also have low coefficients of variation and percent mea-
surement error values. Collectively, the three characters capture different config-

urations of the skull, as suggested by the negative and positive loadings, respec-

tively, of foramen magnumheight (37-FMH) and mandibular foramen-articular

facet length (56-MAF) on the second principal component. Greatest bulla width
(26-BUW) features prominently in original descriptions.

Subcluster 6.—Angular process-mandibular condyle length (51-AFA), one of

the eight characters in this subcluster, was selected because of its importance in

principal coordinate I in correspondence analysis, and low coefficient of variation

and percent measurement error values. Mandibular toothrow (58-MTL) is another

character shown to be of importance, but see discussion of subcluster 7.

Subcluster 7.—Of the four characters in this subcluster, posterior incisor-M 3

length (59-IML) was selected because of its low coefficient of variation and percent

measurement error values and its importance in both correspondence (coordinate

I) and principal component (component II) analyses. This character, as well as

mandibular toothrow (58-MTL) in subcluster 6, although placed in different sub-

sets, seem to capture the same information, but since the latter measurement is

relatively difficult to score, 59-IML was selected.

Subcluster 8 .—Three characters in this subcluster were selected: length of M1

(43-LFM), and greatest cross-sectional crown widths of M2 (47-WSM) and M2

(65-WMS) because of their low coefficients of variation and percent measurement
error values and their importance (either singly or in combination) in principal

coordinates I and II of correspondence analysis, and principal component II of

principal component analysis. In combination (an upper jaw tooth length [43-

LFM] and width [47-WSM] and lower jaw tooth width [65-WMS]) they may
improve the capturing of different tooth configurations.

Three of the 1 1 selected characters (indicated by asterisks in Table 1 and broad
arrows in Fig. la-k), 1 -GLS, 3 -FRO, and 26-BUW, feature prominently in original

descriptions.

The underlined characters in Table 1 were selected for descriptive purposes

only and include breadth of braincase (9-BBC), greatest height of skull (35-GHS),
interorbital constriction (1 1 -IOB), and greatest bulla length (25-BUL). These char-

acters, in combination with greatest length of skull (1-GLS), capture gross cranial

configuration. Other descriptive characters incorporated into the data set were

the standard external measurements, head and body length, tail length, hind foot

length, and ear length, all recorded from specimen labels.

Given the three groupings of characters (1 1 basic cranial, four descriptive cra-

nial, and four standard descriptive external), their selective use (singly or in com-
bination) will depend on the choice of analyses to be used in the revision. Since

multivariate procedures involve the assessment of joint relationships among in-

tercorrelated variables to evaluate overall inter-OTU differences (James and
McCulloch, 1990), all subsequent multivariate analyses will be based on the 1

1

basic cranial characters, and will form the basis of taxonomic conclusions in the

revision. The four descriptive cranial characters, in combination with the 1 1 basic

cranial characters, could be used for exploratory multivariate analyses. Univariate

analyses, which evaluate the equality of means for each variable independently
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and ignore correlations among variables (Willig et al., 1986), could be based on

all three groupings of characters, and only used for descriptive and comparative

purposes.

Discussion

The approach to character selection adopted in the present paper is an extension

of the procedure suggested by Taylor (1990) and Taylor and Meester (1993) who
summarized character correlations in C. penicillata by means of cluster analysis,

and selected representative characters on the basis of low coefficients of variation,

previous use, and ease of measurement, and interpreted their results in terms of

the morphological integration concept of Olson and Miller (1958). As applied to

Aethomys, the approach was similar to Taylor (1990) and Taylor and Meester

(1993), but expanded upon to include: 1) measuring potentially useful characters

from various regions of the cranium and mandible (including characters used

previously) in a single homogeneous sample, representing an island population;

2) screening the data set for outliers; 3) subjecting all characters to univariate

assumptions tests (normality, equality of variances, and sexual dimorphism);

followed by 4) analysis of statistical associations between characters, using prin-

cipal component and cluster analyses, with reference to a morphometric assess-

ment of functional units of the cranium, an approach consistent with the mor-
phological integration concept of Olson and Miller (1958); and 5) analysis of

samples drawn from various taxa in the current classification as an aid in the

selection of characters from identified phenotypic sets and their subsets, while

considering criteria such as the coefficient of variation, percent measurement error,

ease of recording, and previous use.

The procedures followed by Taylor (1990), Taylor and Meester (1993), and the

present study are more objective than using untested, previously used characters

or simply recording as many characters as possible in the hope of assessing re-

lationships between OTUs. These approaches could have wider application in

morphometries, particularly in organisms in which cranial ontogenetic origins

and interactions (Noden, 1978, 1983; Gans and Northcutt, 1983; Zelditch et al.,

1993), structural components, evolution, and adaptive functional potential of

organismic form can be determined, such as has been demonstrated in some
mammalian (Olson and Miller, 1958; Moss and Young, 1960; Moore, 1981;

Cheverud, 1982) and avian groups (Noden, 1978, 1983; Cane, 1993).

Analysis of the largest available sample of southern African Aethomys from a

single locality, representing an island population of A. namaquensis, identified

two outliers that were considered as not representative of the population and were
excluded from the data set to avoid the introduction of bias in the sample. The
assumptions tests identified 1 5 characters as statistically problematic because they

were significantly sexually dimorphic, heteroscedastic, and/or non-normally dis-

tributed; these results could be related a posteriori to difficulties experienced in

their recording, unclearly defined measuring points in some individuals, high

variability of characters among individuals, and characters associated with fre-

quently damaged parts of the skull. Interestingly, some of the characters that were
found to be problematic have been used extensively in previous studies (Smith,

1834; Roberts, 1951; Ellerman et al., 1953; Meester et al., 1986; Skinner and
Smithers, 1990), such as nasal width (12-NAS), palatal length (17-PAL), length

of diastema (28-LOB), greatest mandible length (from anterior edge of I, alveolus

to posterior surface of angular process) (49-GML), and from anteroventral edge
of I, alveolus to posterior surface of condylar process (50-MDL). The data screen-
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ing procedures underscore Pimentel and Smith’s (1986Z?) remarks that test sta-

tistics are particularly useful in the earliest phases of data analysis in taxonomic
studies.

The results of cluster analysis of character associations were encouraging insofar

as the major Neurocranial and Orofacial functional units were identified. In this

respect, the results are similar to those obtained by Cheverud (1982), Taylor

(1990), and Taylor and Meester (1993). Apart from these functional units, some
measurements, particularly the length measurements traditionally used by tax-

onomists (e.g., condylobasal length), did not fit into the above units but formed
a major cluster by themselves comprising “Mixed” Neurocranial/orofacial char-

acters. In C. penicillata, these “Mixed” measurements were placed in the Neu-
rocranial functional set (Taylor, 1990; Taylor and Meester, 1993) rather than in

a separate major cluster as in Aethomys.
The primary objective of the study was to evaluate new and previously used

characters in order to identify a reduced set of measurements which would sum-
marize most important variations of cranial configuration. Since many of the

measurements spanned the major functional units of the cranium, it was not

surprising that the classification of measurements was equivocal. However, the

analysis did generate highly correlated subsets of measurements, particularly in

the case of dental characters. Strong indications of logical subsets were also evident

in: 1) the configuration of the braincase and dorsal aspect of the skull; and 2) the

orbital/oral/masticatory functional submatrices with which, interestingly, char-

acters related to the bullae and foramen magnumwere also associated.

Ancillary to the analysis of character associations, analysis of known taxa was
undertaken to develop criteria for the selection of representative characters from
within the phenotypic sets generated by cluster-analysis. This step was considered

necessary since the analysis of character associations did not produce unequivocal

groupings of characters, and because it is also not yet clear how tightly individual

functional units are integrated in the phenotype. Final selection of 1 1 basic mea-
surements to be used for the revision of southern African Aethomys was also

made with reference to coefficients of variation, measurement error, likelihood

of damage, and use by previous authors. The 1 1 measurements are: greatest length

of skull (1-GLS), greatest length of frontals (3-FRO), distance from anterior edge

of nasals to anterior edge of posterior part of zygomatic arch (6-NPP), greatest

bulla width (26-BUW), foramen magnum height (37-FMH), length of M1 (43-

LFM), greatest cross-sectional crown width of M1 (47-WSM), angular process-

mandibular condyle length (5 1 -AFA), mandibular foramen-articular facet length

(56-MAF), posterior incisor-M 3 (59-IML), and greatest cross-sectional crown width

of M2 (65-WMS). With regard to coefficients of variation, all characters had low
values for this statistic except greatest length of parietals (4-PAR), interparietal

length (5-INT), hard palate width at M1 (21-PWM), infraorbital-zygomatic plate

distance (31-IZD), length of M2 (44-LSM) and M3 (45-LTM), greatest cross-

sectional crown width of M3 (48-WTM), and length of M3 (63-LMT), while percent

measurement error showed this parameter to be negligible in all characters re-

corded. In contrast, percent measurement error values of over 50% have been

recorded in recent studies on birds and mussels (Bailey and Byrnes, 1990).

Principal component and correspondence analyses were used to develop criteria

for the selection of representative characters, and both showed a broad concor-

dance between characters shown to be of relevance. Canonical variates analysis

(Pimentel, 1979; Campbell and Atchley, 1981; Livezey, 1989, 1990; Livezey and
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Storer, 1992) was also considered but in an analysis of the 51 -character data set

a singular dispersion matrix was encountered, and analysis could not proceed

(Pimentel and Smith, 19866). Similar computational difficulties were encountered

by Taylor (1990) and Taylor and Meester (1993) in a 48-variable matrix. This

may be related to: 1) large numbers of linearly and colinearly constrained variables

(Pimentel and Smith, 19866); 2) the presence of ipsative variables (Pimentel,

1979); and 3) the sample size being much smaller relative to number of variables

(Williams and Titus, 1988). This finding emphasizes the possibility of encoun-
tering analytical problems when using many unscreened variables in morpho-
metric studies (Blackith and Reyment, 1971).

With the recent introduction of sophisticated three-dimensional measuring
equipment and recent advances in unit-free, landmark-based morphometric meth-
ods (Strauss and Bookstein, 1982; Rohlf and Bookstein, 1990, and references

therein; Rohlf and Marcus, 1993), future development of character selection pro-

tocols should focus on a clearer demarcation of the functional units of the cranium
in relation to the individual cranial elements, and on synergism between landmark
selection and the objectives of both species delineation and higher classification.

In the present study the emphasis was on the former objective, while a different

set of qualitative data will be used for phylogenetic analysis. The emphasis should

also shift to a rigorous assessment of traditional characters. This is already ap-

parent in the present study where some of these characters were included simply

for descriptive purposes and for comparison with previous studies, particularly

with reference to their utility in relating morphometric results to the nomenclature.
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Appendix I

Aethomys specimens examined. TM= Transvaal Museum, Pretoria; USNM=
National Museumof Natural History, Smithsonian Institution, Washington D.C.

Aethomys chrysophilus. —Farm Al-te-ver, 1 km SSE Maasstroom, Transvaal,

South Africa (22° 46' S; 28° 28' E): six males (TM 26474, 26541, 26557, 26559,

26612, 26684); ten females (TM 26510, 26514, 26540, 26561, 26574, 26575,

26583, 26611, 26668-69).

Aethomys granti. —Sutherland, Cape Province, South Africa (32° 23' S; 20° 40'

E): seven males (TM 38526-28, 38530, 38532, 38536, 38538); seven females

(TM 38529, 38533-34, 38537, 38541-43).

Aethomys namaquens is. —Keimoes Island, Orange River, Cape Province, South
Africa (28° 43' S; 20° 50' E): 21 males (USNM451913-14, 451921, 451933-34,
451941, 451948, 451950-51, 451966, 451983, 451990-91, 452000, 452002,
452019, 452028, 452039, 452041, 452045, 452055); 13 females (USNM451915,
451924, 451956, 451992, 451994, 452003, 452006, 452016, 452020, 452031a-
b, 452035, 452053).


